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Abstract This paper represents a developed procedure for the evaluation of flashover rates caused by
both lightning vertical and non-vertical strokes on transmission lines, using a Monte Carlo method. The
main goal of this paper is to increase the accuracy flashover rates through the accurate modelling of
network components, such as footing impedance, the transmission tower and chain of insulators, and
also simulation of lightning non-vertical strokes. Modelling network components, statistical parameters
related to lightning and a problem-solving algorithm are described. Parametric studies using this
procedure can also be performed to determine the sensitivity of the flashover rate with respect to some
parameters of the return stroke and the transmission line. Simulation results obtained using MATLAB and
the ATP/EMTP show that considering the lightning non-vertical instead of vertical strokes leads to a better
evaluation of the lightning performance of transmission lines.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Theflashover caused by lightning strokes has been one
of the greatest factors seriously affecting the reliability of
HV overhead transmission lines. The lightning performance
of an overhead transmission line can be measured by the
flashover rate, usually expressed as the number of flashovers
per 100 km and year. Due to the random nature of lightning,
calculations must be based on a statistical approach. A Monte
Carlo simulation is a very common method for this purpose
[1–3].
Usually, transmission line protection against lightning
strokes is achieved by means of ground wires. However,
especially in regions with high ground resistance, there is a
∗ Correspondence to: No 2/2, First Floor, Golsar Alley, Mahdieh St., 15
Khordad Ave., Sari, Mazandaran, Postal code: 48188-57349, Iran. Tel.: +98
09195852825; fax: +98 2177240490.
E-mail addresses: amir.shafaei87@gmail.com (A. Shafaei),
gholami@iust.ac.ir (A. Gholami), Shariatinasab@ieee.org (R. Shariatinasab).
Peer review under responsibility of Sharif University of Technology.
1026-3098©
doi:10.1016/j.scient.2011.06.014high probability of failure of the insulation following a Back
Flashover (BF). Furthermore, there is a probability of shielding
failure, which can lead to a flashover (SF). Hence, the lightning
flashover rate (LFOR) of a transmission line is equal to both Back
Flashover Rate (BFR) and the flashover rate due to shielding
failure (SFFOR). To obtain both quantities, an incidence model
is required to discriminate strokes to shield wires from those
to-phase conductors and those to-ground [4,5].
A Monte Carlo procedure for studying lightning stress can
consist of the following steps [6,7]: the generation of random
numbers to obtain those parameters of the lightning stroke
and the overhead line of a random nature; application of an
incidence model to determine the point of impact of every
lightning stroke; calculation of the overvoltage generated by
each stroke, depending on the point of impact; and calculation
of the flashover rate.
In this paper, statistical methods to evaluate the lightning
performance and calculation of flashover rates, both vertical
and non-vertical strokes, are implemented. The developed
method has been coded in MATLAB and linked to an EMTP/ATP
draw program to perform network simulations directly. Since
the collection of statistical data from networks with detailed
modeling of their elements is possible, a transmission tower
is represented by a multistory model [8], the representation
of insulator strings is based on the Leader Progression Model
Open access under CC BY-NC-ND license.
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Parameter x σln x
Ip (kA) 34 0.74
Tr (µs) 2 0.4943
Tt (µs) 77.5 0.577
(LPM) [9] and footing impedance is represented as a nonlinear
current-dependant resistance [10,11].
The rest of the paper is organized as follows. Section 2
describes the characteristics of return stroke parameters and
their statistical distribution. Section 3 gives a summary of
methods developed to determine the impact of lightning,
vertical and non-vertical, strokes. Some important aspects of
the Monte Carlo procedure are summarized in Section 4. A
summary of modeling guidelines is presented in Section 5.
In Section 6, we present and discuss results obtained from
the simulation. A parametric study of the test line, aimed at
determining the relationship of the flashover rate, with respect
to some parameters of the transmission line and some variables
of the return stroke current, are detailed in Section 7, and, in
Section 8, we conclude this paper.
2. Lightning parameters
Frequently, both the double exponential and triangular
waveforms have been used to represent lightning return stroke
currents. Presently, it is assumed that a concave waveform of
the first stroke, as shown in Figure 1, is a better representation,
since it does not show a discontinuity at t = 0 [6]. Several
expressions have been proposed for such a waveform, and one
of the most widely used is the so-called Heilder model given
in [5,12]
i(t) = Ip
η
kn
1+ kn e
−t/τ2 , (1)
where Ip is the peak current, η is a correction factor of the peak
current, n is the current steepness factor with k = t/τ1, and τ1
and τ2 are time constants determining current rise and decay
times, respectively. The main parameters used to define this
waveform in the present work are the peak current magnitude,
I100, the rise time, Tr [= 1.67(t90 − t30)], and the time to
half value, Tt . In this work, only negative strokes have been
considered. Table 1 shows the parameters of the log-normal
distribution [13].
3. Determination the point of impact for non-vertical
strokes
To determine the point of impact for non-vertical strokes,
characteristics of the area of impact are determined by
assuming uniform distribution. Then, the angle of impact is
obtained randomly. Finally, the point of impact is determined
by the Electro Geometric Model (EGM).
3.1. Area of impact
To determine the area of impact, regardless of strike
distances, the length and width point of the stroke must be
acquired as uniformly distributed over a specific area. The area
where the lightning strokes are located is shown in Figure 2 [7].
The width of d must be calculated, corresponding to theFigure 1: Typical return stroke waveform of lightning current.
Figure 2: Area of impacts.
maximumpeak currentmagnitude, as derived from application
of the electro geometric model [14].
The maximum peak current magnitude generated in the
simulation was about 400 kA, so the maximum distance should
be about 500 m, as used in this work.
3.2. Distribution of stroke angle
In most studies, lightning strokes are considered vertical,
while usually hitting the ground non-vertically. Also, the angles
of a stroke show a random behavior that can be displayed with
a probability density function by Eq. (2) [7,15]:
p(ψ) =
0 ψ < −π/2
k cosm ψ −π/2 < ψ < π/2
0 ψ > π/2
(2)
where ψ is the angle deviation from the vertical direction, and
m is a constant exponent. Also, p(ψ) is defined by Eq. (3) [7]:
p(ψ) =
 π/2
−π/2
k cosm ψ.dψ = 1. (3)
Consequently, the k factor, based on different values ofm, is
calculated as follows [7]:
k = 1 π/2
−π/2 cosm ψ.dψ
. (4)
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Figure 4: EGMmodel used in determining the point of impact.Distribution curves of the stroke angle are shown in Figure 3.
The type of distribution function proportional to m values will
be determined. For example, for every m = 0, the distribution
function is uniform, while for the valuesm > 2, they tend to be
a Gaussian curve. Usually, in computing, the amount m = 2 is
considered (in this workm = 2 and k = 2/π ).
3.3. Determining the point of impact to shield wire and phase
conductor
Transmission lines are usually shielded by ground wires.
However, shielding failures cannot be totally prevented and an
insulation failure that is the same as the flashover rate can be
caused by a stroke to either a shield wire or a phase conductor
(see Table 2). The last step of a return stroke is determined by
means of the electro geometricmodel as used in [16]. Therefore,
the striking distances to shield wires and phase conductors are
assumed equal, while the striking distance to the ground is
smaller (Figure 4). The striking distances can be derived as Eqs.
(5a) and (5b):
rc = 10I0.65, (5a)
rg =
[3.6+ 1.7 ln(43− yc)]I0.65
5.5I0.65.
(5b)
For each lightning current, I , distances x and y can be
calculated to obtain an electro geometric model.
To determine the impact probability of non-vertical light-
ning strokes, each of the anglesψ1 toψ4 must be obtained pro-
portional to each lightning current. With regard to Figure 4,Eqs. (6)–(9) are obtained (N is considered as the basis in Fig-
ure 4(a)):
α = tan−1 d
Yg − Yc , θ = sin
−1 Rg − Yc
Rc
, (6)
β = sin−1 (Yg − Yc)
√
1+ tan2 α
2Rc
, (7)
Dc = Rc[cos θ − cos(α + β)]
Dg = Rc cos(α − β), (8)
SO = Yc + Rc sin(α + β). (9)
If Rg is less than or equal to Yc , set θ = 0 in Eq. (8).
Consequently, angles ψ1 to ψ4 can be calculated as Eqs. (10a)–
(10d):
ψ1 = tan−1

Rg
PN + Dc + Dg

, (10a)
ψ2 = tan−1

SO
PN + Dg

, (10b)
ψ3 = tan−1

SO
PN − Dg

, (10c)
ψ4 = tan−1

Rg
PN − (Dc + Dg)

. (10d)
Thus, with regard to Figure 4(a), the lightning stroke will hit
the phase conductor or the shield wire, respectively, if random
angle,ψ , in Eq. (2), is between (ψ1, ψ2)or (ψ3, ψ4) andbetween
(ψ2, ψ3).
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Table 2: Phase conductor and shield wire characteristics.
Line characteristic Type Diameter(cm) Resistance
(/km)
Phase conductor CURLEW 3.163 0.05501
Shield wire 94S 1.26 0.642
Figure 6: 400 kV line configuration (values in brackets are midspan heights).
4. Monte Carlo procedure
The following paragraphs detail the most important aspects
of the procedure implemented in ATP. Figure 5 shows the
interactions between tasks implemented for lightning flashover
rate calculation.
• The calculation of random values includes lightning param-
eters, phase conductor voltages, insulator strength, average
critical field of failures and footing resistance.
• The overvoltage and lightning flashover calculations were
performed once the point of impact of the stroke by EGM
had been determined. The only difference between back
flashover and shielding failure is the node to which the
lightning strokes must be connected. In this work, only two
connecting points (tower, midspan) have been considered
for strokes to either shield wires or phase conductors.Figure 7: A multistory transmission tower model.
• The overvoltages calculated at every run are compared to the
insulator strength; if the flashover occurs in an insulator, the
flashover rate is updated.
• The convergence of the Monte Carlo method is checked by
comparing the probability density function of all random
variables with their theoretical functions, and the procedure
is stopped when they match within an error margin of 5%.
5. Test case
5.1. Transmission line configuration
Figure 6 shows the tower design for the line tested in this
paper. It is a 400 kV line, with two conductors per phase and
two shield wires, whose characteristics are provided in Table 2
[6–10].
5.2. Modeling guidelines
The models used to represent different parts of the network
in simulations are detailed below.
(I) Transmission lines are modeled by five spans on each side
of the struck point. Each span is represented by a multi-
phase untransposed frequency-dependent distributed pa-
rameter line section. The parameters are calculated at
500 kHz.
(II) Representation of a line termination is needed at each
side of the model to avoid reflections that could affect the
simulated overvoltages around the point of impact. This
can be achieved by adding a long enough section at each
side of the line. In this work, the line was represented
by three 400-m spans, plus a 30-km section as the line
termination at each side of the point of impact.
(III) A transmission tower is represented by amultistorymodel,
as illustrated in Figure 7, where Zt1 is the tower top to
the upper phase arm, Zt2 is the upper to middle, Zt3 is
the middle to lower, and Zt4 is the lower to the tower
bottom [8,11].
To represent traveling-wave attenuation and distortion,
a parallel circuit is added to each part. The values of the R
and L are defined in Eqs. (11a)–(11c) [17]:
Ri = 1Ri.hi, Li = 2π.Ri, (11a)
1R1 = 1R2 = 1R3 = 2Zt1
(h− h4) ln

1
α1

, (11b)
1R4 = 2Zt4h ln

1
α4

, (11c)
where c = 300 m/µs is light velocity in free space; τ =
h/c is the traveling time along the tower; α1 = α4 = 0.89
is attenuation along the tower; and h is tower height. A
value of 134  was estimated for the surge impedance of
all towers [6].
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200 kA, tf = 3.83 µs, tt = 77.5 µs).
(IV) Figure 8 shows that close to 80% of lightning current
through the footing resistance is evacuated, so the
modelling of footing impedance will be important.
The footing impedance is represented as a nonlinear
resistance given by [5]:
RT = R0
1+ I/Ig
and Ig = E0ρ2πR20
, (12)
where RT is the tower footing resistance, R0 is the footing
resistance at low current and low frequency, I is the
lightning current through the resistance, Ig is the limiting
current to initiate sufficient soil ionization, ρ ( m) is
the soil resistivity and E0 is the soil ionization gradient
(400 kV/m). In this work, the footing resistance has a
normal distribution, with a mean value of R0 = 50 
and a standard deviation of 5 . The value of the soil
resistivity is 500m. How the footing resistance changes
for resistances of 50 and 100  is shown in Figure 9. As
can be seen, at themoment of lightning occurrence, footing
resistance declines but returns to its initial value gradually.
(V) The representation of insulator strings relies on application
of the leader progression model [7]. The LP model is
deduced from Eq. (13) [5]:
dL
dt
= KL.V (t)

V (t)
d− L − E10

, (13)
whereV (t) is the voltage across the gap, d is the gap length,
L is the leader length, E10 is the critical leader inception
gradient, and KL is a leader coefficient. Parameters used
in this work are KL = 1.3E − 6 m2/ (V 2s ) and E10 =
570 (kV/m). A Weibull distribution was also assumed
for parameter E10. The mean values are those mentioned
above, while the standard deviation was 5%. The striking
distance of the insulator strings, d, is 3.35 m. Figure 10
depicts the curve of the leader length (L), according to time,
in the LPM model. As can be seen, the breakdown occurs
when leader length (L) is equal to gap length (d).
(VI) In this work, the phase conductor reference angle has been
distributed uniformly between 0° and 360°.
6. Simulation results
Figures 11 and 12 show some simulation results obtained
from the base case that will help in understanding the lightning
performance of this line. For distributions of vertical and non
vertical strokes, there is a range of peak current magnitudesa
b
Figure 9: Nonlinear footing resistance changes according to time. (a) R0 =
50; and (b) R0 = 100. (i = 100 kA, tf = 3.83 µs, tt = 77.5 µs).
Figure 10: Propagation curve of leader length according to time (Electrical
failure occurs in the moment d ≤ L).
above 120 kA that cause back flashover (BFR), while the
range of peak current magnitudes that cause shielding failure
(SFFOR) for vertical lightning strokes are under 30 kA. However,
this value for non-vertical lightning strokes includes peak
current magnitudes above 30 kA. Furthermore, as shown in
Figures 11(a) and 12(a), there is a probability of back flashovers
caused by current magnitudes above 350 kA. These values
result from the theoretical statistical distribution of stroke
parameters, although they do not frequently occur in reality.
The convergence of the procedure is checked by comparing
the probability density function of all generated random values
with their theoretical probability functions. About 30,000 runs
were needed to match them within an error margin of 5%.
Results shown in Figures 11 and 12 were derived after 40,000
runs. The lightning flashover rate (LFOR) for Ng = 1 fl/km2 per
100 km of line and one year is calculated from Eq. (14):
LFOR = Ng .100.d. FN , (14)
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Vertical stroke Non-vertical
stroke
LFOR 1.0675 2.175
BFR 1.0125 1.255
SFFOR 0.055 0.92
N 40,00040,000
d (km) 11
Ng 1
(fl/km2) 1
a
b
Figure 11: Statistical distribution of vertical stroke currents that cause
flashover. (a) Vertical strokes to shield wires. (b) Vertical strokes to phase
conductors.
where d is equal to 1 km and F are flashover numbers in N sim-
ulations. Table 3 shows calculated values related to lightning
flashover rate (LFOR), Back Flashover Rate (BFR) and shielding
failure flashover rate (SFFOR) for both vertical and non-vertical
strokes. Results show that considering non-vertical lightning
strokes creates more accuracy in the calculation of lightning
performance indicators.
7. Sensitivity analysis
A sensitivity analysis was performed to discover the
relationship between the flashover rate of the test case anda
b
Figure 12: Statistical distribution of non-vertical stroke currents that cause
flashover. (a) Non-vertical strokes to shield wires; and (b) non-vertical strokes
to phase conductors.
some critical parameters, namely, the median value of the peak
current magnitude, the mean value of the footing resistance
at low current and low frequency and the mean value rise
time. Figure 13 shows the results for both vertical and non-
vertical lightning strokes. As for the previous calculations of
the flashover rate, these results are given per 100 km-year and
were calculated with Ng = 1 fl/km2-year. These results show
an expected attitude; the flashover rate increases with both
the peak current magnitude and the footing resistance value
and decreases with an increase in rise time. Accordingly, as
seen in Figure 13, consideration of non-vertical strokes causes
a significant increase in flashover rate values.
Also, Figure 14 shows the rise-time statistical distribution of
non-vertical lightning strokes to shield wires and towers. It is
evident from this plot that the probability of failure with rise
times above 5 µs is negligible.
8. Conclusion and future work
In this paper, a statisticalmethod for evaluating the lightning
performance of transmission lines, based on the capabilities of
ATP and MATLAB, is provided. Both lightning vertical and non-
vertical strokes are considered in the proposed method. One
of the main goals in this paper was to increase the accuracy
of the calculated values of flashover rates of the line, through
accurate modeling of network components and by considering
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(Tr = 2 µs, Tt = 77.5 µs, R0 = 50, ρ = 1000m).
(b) Flashover rate according to rise time
(Ip = 34 kA, Tt = 77.5 µs, R0 = 50, ρ = 1000m).
(c) Flashover rate according to footing resistance
(Ip = 34 kA, Tr = 2 µs, Tt = 77.5 µs, ρ = 1000m).
Figure 13: Sensitivity analysis (Ng = 1 fl/km2-year).Figure 14: Rise-time distribution of strokes to shield wires and tower.
non-vertical instead of vertical strokes. Also, a parametric study
is performed to evaluate the sensitivity of the flashover rate
with regard to some parameters of the transmission line and
the return vertical and non-vertical strokes. The following
improvements could be made in the future.
Here, the mean of the lightning current magnitude, with
regard to the CIGRE standard, is assumed 34 kA. Considering the
simulation results of the sensitivity analysis, it can be seen that
this assumption was not accurate. According to what is visible
in Figure 13(a), the selection of different values of lightning
current amplitude proportional to the different standards ofthe IEEE and CIGRE (Anderson and Eriksson and etc.) causes
significant changes in the value of the flashover rates. To
eliminate this significant error in calculation of lightning in such
practices, the two following solutions are recommended:
• Accurate measurement of lightning parameters in the
geographic area where mentioned network is located.
• The actual number of flashovers that occurred in the
mentioned network should bemeasured and, then, lightning
parameters should be estimated accordingly.
References
[1] Anderson, J.G. ‘‘Monte Carlo computer calculation of transmission line
lightning performance’’, AIEE Trans., 80, pp. 414–420 (1961).
[2] Currie, J.R., Choy, L.A. and Darveniza, M. ‘‘Monte Carlo determination of
the frequency of lightning strokes and shielding failures on transmission
lines’’, IEEE Trans. PAS, 90(9), pp. 2305–2312 (1971).
[3] Darveniza, M. and Sargent, M., et al. ‘‘Modelling for lightning performance
calculations’’, IEEE Trans. PAS., 98(6), pp. 1900–1908 (1979).
[4] EPRI, Transmission Line Reference Book, 345kV and Above, Electric Power
Research Institute, Palo Alto, 2nd Edn., California (1982).
[5] Shariatinasab, R., Vahidi, B. and Hosseinian, S.H. ‘‘Statistical evaluation of
lightning-related failures for the optimal location of surge arresters on the
power networks’’, Gener., Transm. Distrib. IET., 3(2), pp. 129–144 (2009).
[6] Martinez, J.A. and Aranda, F.C. ‘‘Lightning performance analysis of
overhead transmission lines using the EMTP’’, IEEE Trans. Power Deliv.,
20(3), pp. 2200–2210 (2005).
[7] Martinez, J.A. and Castro-Aranda, F. ‘‘Influence of the stroke angle on the
flashover rate of an overhead transmission line’’, submitted for presentation
at IEEE PES General Meeting, Montreal (2006).
[8] Martinez, J.A. andCastro-Aranda, F. ‘‘Towermodeling for lightning analysis
of overhead transmission lines’’, IEEE PES General Meeting, San Francisco,
California (2005).
[9] Martinez, J.A. and Castro-Aranda, F. ‘‘Lightning characterization for
flashover rate calculation of overhead transmission lines’’, IEEE PES General
Meeting, Montreal, Canada (2006).
A. Shafaei et al. / Scientia Iranica, Transactions D: Computer Science & Engineering and Electrical Engineering 19 (2012) 812–819 819[10] Pigini, A., Rizzi, G., Garbagnati, E., Porrino, A., Baldo, G. and Pesavento, G.
‘‘Performance of large air gaps under lightning overvoltage: Experimental
study and analysis of accuracy of predetermination methods’’, IEEE Trans.
PWRD, 4(2), pp. 1379–1392 (1989).
[11] Ishii, M., Kawamura, T., Kouno, T. and Ohsaki, E., et al. ‘‘Multistory
transmission tower model for lightning surge analysis’’, IEEE Trans. PWRD,
6(3), pp. 1327–1335 (1991).
[12] Heidler, F., Cvetic, J.M. and Stanic, B.V. ‘‘Calculation of lightning current
parameters’’, IEEE Trans. Power Deliv., 14(2), pp. 399–404 (1999).
[13] ‘‘IEEE TF on parameters of lightning strokes parameters of lightning
strokes: a review’’, IEEE Trans. Power Deliv., 20(1), pp. 346–358 (2005).
[14] IEEE WG on lightning performance of transmission line, ‘‘A simplified
method for estimating the lightning performance of transmission lines’’,
IEEE Trans. PAS, pp. 919–932 (1985).
[15] Brown, G.W. and Whitehead, E.R. ‘‘Field and analytical studies of
transmission line shielding: part II’’, IEEE Trans. PAS, 88(3), pp. 617–626
(1969).
[16] Shariatinasab, R., Vahidi, B., Hosseinian, S.H. and Ametani, A. ‘‘Probabilistic
evaluation of optimal location of surge arrester on EHV and UHV networks
due to switching and lightning surges’’, IEEE Trans. Power Deliv., 24(4),
pp. 1903–1911 (2009).
[17] Ametani, A. and Kawamura, T. ‘‘A method of a lightning surge analysis
recommended in Japan using EMTP’’, IEEE Trans. PWRD, 20(2), pp. 867–875
(2005).Amir Shafaei was born in Sari, Iran, 1985. He received his B.Sc. Degree
in Electrical Engineering from Babol University, Babol, Iran in 2008, and
his M.S. Degree in Electrical Power Engineering from the University of
Science and Technology, Tehran, Iran in 2011. His research interests are high
voltage, electrical insulation, power system transient, lightning protection and
transmission lines.
Ahmad Gholami received his B.Sc. Degree in electrical engineering from IUST,
Tehran, Iran, in 1975, theM.Sc. and Ph.D. Degrees in electrical engineering from
UMIST, Manchester, England, in 1986 and 1989 respectively. He is currently an
associate professor in the Electrical Engineering Department of Iran University
of Science and Technology. His main research activities are high voltage
engineering, electrical insulation, insulation coordination, transmission lines
and substations planning.
Reza Shariatinasab was born in Mashhad, Iran, 1977. He received the Ph.D.
Degree in Electrical Engineering from Amirkabir University of Technology
(AUT), Iran in 2009. Currently, he is an assistant Professor at Electrical
Engineering Department of Birjand University, Iran. His research interests
include Finite Element Method (FEM), power system transients and power
quality.
